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Light from the z = 1.70 background source galaxy ('source plane') is deflected and magnified (red lines) by an intervening galaxy cluster at z = 0.56 (ref. 15 ; 'lens plane') to form the bright giant arc that is seen projected (yellow dashed lines) onto the rightmost panel ('image plane'). As the light crosses the z abs = 0.98 'absorber plane' , some of it is absorbed by Mg ii in the gas that surrounds an absorbing galaxy that lies close to the arc in projection. Three candidates for such galaxies are detected at this redshift, marked 'G1' , 'G2' and 'G3' in the image plane. This work deals with G1 and G2 (also indicated in the absorber plane), which probe the closest projected distances to the arc. Image produced by Carlos Polanco.
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In Fig. 2 we show a MUSE map of the z abs = 0.98 Mg ii absorption strength at different positions along RCSGA 032727− 132623. In the absorber plane, the arc positions span projected physical distances ('impact parameters'; see Methods) of approximately 15-90 kpc to the absorbing galaxy system ('G1'; indicated by the blue circle). G1 is our primary absorber candidate of the three [O ii] detections at redshift 0.98 (G1, G2 and G3; Methods) and deserves special attention. Hubble Space Telescope (HST) continuum images resolve this system into three irregular galaxies, G1-A, G1-B and G1-C, which all have blue B − I colours. From the HST photometry we estimate that these galaxies have low luminosities (less than about 5% of L * , the characteristic luminosity of galaxies) and consequently low stellar masses compared to quasar absorbers 3 . Such stellar masses suggest total halo masses of around 10 11 solar masses (M  ), which in turn imply virial radii of the dark-matter haloes of approximately 90 kpc (Methods). In addition, from the [O ii] λ = 3,726 Å, λ = 3,729 Å emission doublets, where λ is the wavelength, we estimate the star-formation rates of the G1 galaxies to be less than about 0.2M  yr −1 . We use the [O ii] velocities to define a 'systemic' redshift for G1 of z G1 = 0.98235.
Four key features are readily evident from Fig. 2 : (a) Mg ii is detected from about 15 kpc out to about 45 kpc to the south of G1, but is not detected further than approximately 80 kpc to the west (another arc knot in the south, not shown in Fig. 2 , also has sensitive non-detections; see below); (b) the absorption strength is not uniform, indicating a clumpy medium on 4-kpc scales down to our detection limit of approximately 0.4 Å; (c) the line centroids vary little (within one spectral pixel, or about 50 km s −1 ) all across the arc; and (d) most of the doublet ratios appear to be saturated, indicating possible partial covering of the background source (Methods).
In Fig. 3 we show that the absorption strength decreases with impact parameter, in broad agreement with the quasar statistics 3 , but that the scatter is smaller than in the quasar data 2,3 . The latter is probably a consequence of partial covering, which would skew down the arc measurements (Methods); however, the heterogeneity of the compiled quasar-galaxy sample may also have a role 3, 19 , because the intervening galaxies encompass a wide range of masses, luminosities and orientations. That is to say, we compare averages over different areas in a single galaxy (probed by the arc) with an average over many distinct galaxies (probed by quasars).
From quasar lens statistics 8, 20 we know that transverse structure is detected on similar scales as probed by our 4-kpc, seeing-limited resolution, and below. This indicates that the metals traced by Mg ii are concentrated in small clouds that we do not resolve here, but are spatially distributed in such a way as to produce the gradient that we observe. Therefore, our data do not probe individual cloud sizes but rather their coherence length. Some stringent non-detections ( Fig. 3 ) re-enforce the notion of clumpiness on kiloparsec scales.
The tomographic technique that we use enables us to scan the velocity field of the absorbing gas profusely in a single high-redshift halo 10 . Figure 4 displays absorption velocities and emission velocities of G1-A, G1-B and G1-C as a function of impact parameter. The first outstanding feature in this figure is that all absorption velocities lie by blue downward arrows. The candidate absorber G1 is indicated by the blue circle (to the northeast). For reference, we overlay arc and galaxy contours (grey lines) at 840 nm from HST data (GO programme 12267). Each independent spatial element (spaxel) is 0.8″ wide, equivalent to four MUSE unbinned spaxels and of similar size to the seeing (indicated by the blue circle in the top right). This grid is defined in the image plane; the actual spatial resolution varies across the absorber plane from about 4 kpc at the eastern side of the arc to about 2 kpc at the western side. Likewise, the 5″ scalebar corresponds to a range of roughly 24-12 kpc in the absorber plane, depending on position (see Extended Data Fig. 3 for a de-lensed image). c, Entire MUSE field of view indicating the location of the Mg ii map shown in b.
redward of z G1 , at + 62 km s −1 , although none of them substantially exceeds any of the velocity dispersions of the galaxies. Second, there is little overall variation in absorption velocity along the arc (approximately 24 km s −1 ), even less than within the galaxy system itself, but this variation extends out to 40 kpc, a distance 10 times larger than the projected separations between the G1 galaxies. Along with a clumpy medium revealed by the map of absorption strengths, this kinematically quiet behaviour places strong constraints on the geometry and dynamics of this system.
Assuming saturation, the absorption strengths are a measure of the velocity spread of individual clouds 21 (not resolved by our data) and possible partial covering (see Methods). Therefore, most of our detections would correspond to velocity spreads of less than about 108 km s −1 along the sightlines, the equivalent of a 1-Å absorption line. Interestingly, we find lower scatter in the transverse direction. Taken together, these findings would indicate gas clouds with internal velocity dispersions that dominate over bulk motions. For the impact parameters and halo mass probed here, these velocities resemble those determined at higher spectral resolution in low-redshift systems 22, 23 , which appear well within the escape velocity and virial radius of the halo.
Our observations do not support a spherical geometry 24, 25 . The Mg ii gas does not seem to be distributed isotropically around G1; if this were the case, similar absorption would occur at both sides of the line connecting G1 and its closest arc position, which we do not see. Instead, there are more non-detections on the southern side. G2 (Methods) is also a good example of this situation: no Mg ii is detected in six positions at roughly 20-30 kpc to sensitive limits, whereas four are expected if G2 followed the trend shown in Fig. 3 isotropically. Furthermore, assuming the observed Mg ii to be related to only one of the G1 galaxies, then only one of the four galaxies (including G2) presents detectable absorption, which leads to a rough covering fraction of about 25% within 40 kpc. This interpretation assumes that the G1 galaxies are distinct objects and not part of a large disk of gas and dust (Methods). Therefore, in line with quasar-absorber observations 26, 27 , our arc observations strongly suggest that the absorbing gas is anisotropic, with wide (possibly around 90°) opening angles 28 .
Our data also enable us to compute gas covering fractions in an alternative fashion, namely directly from our 'hits and misses' statistics around G1 only (Methods). Assuming anisotropy, we probe here the preferential G1 direction that shows absorption; therefore, our covering fraction estimate should lie above that of quasar absorbers, because those surveys probe random quasar-galaxy orientations. Interestingly, our prediction is fulfilled in comparison with galaxy-selected quasar absorbers 2 , which we regard to be unbiased: the covering fraction towards the arc is indeed larger than towards the quasars in that sample (Methods). Conversely, a comparison with more heterogeneous samples that include Mg ii-selected galaxies 3 yields smaller covering fractions towards the arc than towards the quasars. This suggests possible selection biases in the latter samples, because by construction they favour galaxy orientations that produce absorption 19 .
At low redshift there is observational evidence 23,29 that the circumgalactic medium of star-forming galaxies is driven by the interplay between major-axis entraining gas (pristine or recycled) and enriched outflows aligned with the minor axis. Although this picture is also consistent with most recent simulations and Λ CDM predictions 30 , it remains to be confirmed, particularly at high redshift. Here we deal with dwarf galaxies at redshift 1, which are still able to eject metals 12 out to one virial radius, beyond which the metal flux is expected to have decreased markedly 30 . The Mg ii detections that we report occur well within the virial radius and therefore could have originated from any of the G1 galaxies (but given the relatively quiet velocity field, most probably from only one of them). In addition, the gas is metal-enriched (including in Fe ii; see Methods) and patchy (perhaps revealing a multi-phase medium), which is suggestive of recycled gas either outflowing from or bound to one of the individual G1 haloes. The outflow scenario requires outflow speeds 6, 26 in excess of the offsets between the velocities of the galaxies and the gas observed here (Fig. 4 ). This suggests that the Mg ii is more likely to be correlated with entrained gas in the extended halo of G1-B (closer in velocity), or even G1-A, in which case the absorption velocity offset would resemble the one-sided velocity offsets seen at low redshift 22, 23 .
The gravitational-arc tomography presented here appears to probe the gaseous extension of a galaxy halo in formation, at distances greater than 20 kpc, which might be a remnant of past gravitational interactions that formed tidal debris and gaseous streams infalling back into the overall G1 potential well. Unfortunately, the arc-galaxy configuration under study does not cover lower impact parameters for testing this hypothesis, but future objects may permit more conclusive detections.

MethOds
Observations and data reduction. The data were obtained with the MUSE integral-field spectrograph 14 mounted on the ESO Very Large Telescope. The 1′ field of view is sampled with 349 × 352 0.2″ -wide spaxels. MUSE uses image slicers combined with an array of 24 identical spectrographs that provide nearly 100,000 spectra simultaneously. Our set-up provided a wavelength range of 4,650-9,300 Å at a resolving power R = λ/Δ λ of 2,000-4,000. Each spectral bin is 1.25-Å wide. The observations were carried out in 'service mode' during dark time, with thin cirrus or clear-sky conditions, airmass below 1.8 and seeing better than 0.8″ . We obtained a total of 21 exposures of 700-s on-target each. The exposures were taken within 'observing blocks' of four exposures each. We applied a small dithering and 90° rotations between exposures to reject cosmic rays and minimize patterns of the slicers on the processed combined cube. We reduced all of the observations using the MUSE pipeline recipe v1.6.4 and ESO reflex v2.8.5. We analysed the quality of the individual exposures by measuring the seeing and transparency in the 'white' images. Owing to changes in the weather conditions during integrations, some of the exposures come from aborted observing blocks (but are otherwise 700-s long). We discarded five of them for having guiding errors, poor point spread function or obvious transparency problems. The remaining 16 exposures were combined into one final science datacube. The total on-target time was therefore 3.1 h. The sky subtraction was improved on this cube using the Zurich Atmospheric Purge (ZAP) algorithm 31 . The wavelength solution, corrected for the motion of the Earth around the Sun and converted to vacuum, was checked satisfactorily at the position of the brightest knot in the arc against our MagE spectrum 18 . The spectral resolution at the Mg ii absorption lines is FWHM = 2.7 Å, corresponding to about 140 km s −1 (or R = 2,100).
In this work we adopt a flat Λ CDM cosmology with Ω Λ = 0.7, Ω m = 0.3 and H 0 = 70 km s −1 Mpc −1 . Spaxel combination. Unlike quasars, the source we study is (a) extended and (b) inhomogeneous in flux given the resolved background galaxy and the inhomogeneous lensing magnifications (Extended Data Fig. 1) . Therefore, the spectrum extraction must proceed using an ad hoc flux combination to assure independent flux measurements while maximizing the final signal-to-noise ratio per spectral pixel. To first approximation we tried polygons of constant signal-to-noise ratio 32 , but decided not to use them because widely different areas complicate the interpretation of absorption against an extended source. Instead, we perform a 'minimum size' binning based on a fixed grid that was defined by the spatial sampling. Because the seeing profile is sampled with four 0.2″ spaxels (FWHM) we use 4 × 4 binning. This means that the centre of each binned spaxel lies at least one seeing FWHM from any other. Offsetting the grid by ± 1 unbinned spaxel shows that the choice of zero-point does not affect the results of the analysis. Spectral extraction. To extract individual one-dimensional spectra for each binned spaxel (or 'position') we applied weights w ij = f ij /v ij , where f ij and v ij are respectively the calibrated object flux and variance of spaxel (i, j). This weight is a modified version of that used to combine spectra with different signal-tonoise ratios optimally 33 ; it assumes a low detector read-out noise, in which case v ij approximates the total number of counts. This gives higher weights to brighter spaxels and may introduce a complicated bias towards highly magnified spaxels. Because we are interested in a small spectral range we defined a subcube that contains wavelengths 5,100-6,000 Å. This range includes the Mg ii doublet, the Fe ii λ = 2,382 Å and Fe ii λ = 2,600 Å transitions, and the Mg i λ = 2,852 Å transition at z abs = 0.98. Because the array of variances is noisy in the spectral direction, to avoid introducing noise carried by the spectral weights we choose a weight integrated in the spectral direction in a small featureless region blueward of the Mg ii lines (the red side is compromised by a sky emission-line residual). Also, this weight does not penalize the absorption troughs. Spaxel selection and Gaussian fits. To search for Mg ii we first created a signalto-noise ratio map by selecting binned spaxels on top of the arc and with signalto-noise ratio above 3 blueward of the expected Mg ii absorption. This selected a total of 56 positions, corresponding to a total projected area surveyed of around 600 kpc 2 . At each selected position a spectrum was extracted and an automatic Gaussian fit applied to the spectral region corresponding to z G1 = 0.98235. The Mg ii λ = 2,796 Å, λ = 2803 Å doublet was fitted with two Gaussians with a tied wavelength ratio, free doublet ratio and fixed line width (corresponding to the instrument spectral resolution, FWHM = 2.7 Å). Each fit provides a rest-frame absorption strength of the λ = 2,796 Å transition (or rest-frame equivalent width 'W 0 ') and a redshift (or radial velocity v), along with their statistical errors (Extended Data Tables 1 and 2 ). Fixing the line width provides more robust fits, as expected, avoiding false positives in regions with low signal-to-noise ratio. It also assumes that the instrumental profile dominates the line profile. This assumption may not hold for all of the positions, in which case we estimate that a systematic error of approximately 0.05 Å would be introduced in W 0 (not included in Extended Data Tables 1 and 2 ).
In addition to the fits, synthetic line profiles were created for comparison with the data. When a fit failed or the significance was below 3σ, a 2σ upper limit was calculated using σ
, where σ W0 is the expected restframe 1σ error in the W 0 measurement and 〈 S/N〉 is the average continuum signalto-noise ratio near the line. The procedure delivers 18 significant Mg ii detections, all to the northeast of the arc. Finally, to create the absorption-strength and velocity maps, the fitted W 0 and v values (or the W 0 upper limits) were recorded in images that had the same spatial sampling as the signal-to-noise ratio map.
We attempted simultaneous fits to the Fe ii λ = 2,382 Å and Mg i λ = 2,852 Å transitions tied to the Mg ii redshifts. (Unfortunately, the Fe ii λ = 2,600 Å transition is blended with the C iii] λ = 1,907 Å, λ = 1,909 Å emission-line doublet from the source galaxy 34 and therefore could not be fitted.) We detect significant Fe ii at only three positions along the arc (Extended Data Table 3 ). These positions also show the strongest and most significant Mg ii absorption. The corresponding Fe ii/Mg ii strength ratios lie in the rather narrow range of 0.5-0.7 and conform to the quasar statistics of very strong (W 0 > 1 Å) Mg ii systems 35 . Non-detections do not constrain these ratios at other positions of the arc owing to either too weak Mg ii or too low signal-to-noise ratio. Although the Fe ii data are limited, the similar ratios tentatively hint at homogeneous enrichment along the arc. One of these positions shows a (marginal) Mg i detection.
The absorption signal in the maps, although significant, is expected to be weak and directly affected by the inhomogeneous signal-to-noise ratio. To rule out possible artefacts due to reduction or analysis effects, we conducted mock tests by simulating a flat W 0 distribution in a cube with the same signal-to-noise ratio per spaxel as the actual data. The outcome of these tests shows that our fitting procedure recovers a true signal in nearly 100% of the (binned) spaxels with a signal-to-noise ratio above 3, which justifies our signal-to-noise ratio cutoff. Galaxies at z = 0.98. We searched systematically for galaxies in the MUSE cube near z = 0.98. The search included continuum sources and emission-line galaxies. We detected three [O ii] sources, which we refer to as G1, G2 and G3 (Extended Data Fig. 2) . These sources form a triangle with sides of 42″ , 47″ and 64″ , or d = 231 kpc, 259 kpc and 341 kpc in the absorber plane. G1 is resolved into three galaxies in the HST continuum images, which are barely resolved by MUSE. We refer to them as G1-A, G1-B and G1-C. From Gaussian fits to the [O ii] λ = 3,726 Å, λ = 3,729 Å doublet in the MUSE spectra we obtained redshifts, line velocity dispersions, [O ii] luminosities and star-formation rates for the five galaxies. The deconvolved velocity dispersions are subject to systematics, owing to the modest MUSE resolution. Assuming virial equilibrium, the velocities of G1, G2 and G3 lead to a virial radius R vir < d and thus we do not consider them to be bound gravitationally, owing to their projected separations. Instead, we deem them to be three independent systems that lie in the same large-scale structure at z = 0.98. G1-A, G1-B and G1-C represent our best absorbing-galaxy-system candidate, owing to their proximity to the place where the arc absorption occurs. The proximity of G1-A, G1-B and G1-C may cast doubts on whether they are indeed distinct galaxies, as opposed to a single disk in which dust obscuration would mimic the presence of different objects. But the fact that they are resolved also in the restframe I band (F160W) supports the existence of distinct galaxies.
We obtained the photometry from HST images in the F606W, F814W, F098M, F125W and F160W bands. We used SExtractor 36 in dual mode using the detections in the F160W band as a reference to obtain AB magnitudes in a 0.8″ -diameter aperture. B − I rest-frame colours were computed from F814W and F160W because these filters are the closest in effective wavelength. We used a local Scd galaxy spectral template 37 that well represents the colour of these galaxies to correct for any mismatch in the effective passbands. Small extinction corrections 38 were also applied. Using the multi-band photometry and a spectral energy distribution (SED) fitting code 39 , we estimated luminosities, stellar masses and star-formation rates. These quantities are subject to large uncertainties owing to the use of just five passbands. We also computed star-formation rates for each galaxy from the [O ii] line fluxes, integrated over 16 unbinned spaxels. These line fluxes are subject to extinction and therefore must be treated only as lower limits. Using Kennicutt's prescription 40 , the emission-line luminosities translate into star-formation rates that are broadly consistent with those obtained from the SED fitting. These values were corrected for magnification μ by using our lens model. From the stellar masses we estimate dark-matter halo masses M h using the prediction from abundance matching 41 . We then determine the corresponding virial radius using the relation R vir = [3M h /(200ρ c 4π )] 1/3 , where ρ c is the critical density of the Universe at z = 0.98. The galaxy data are summarized in Extended Data Table 4 . Lens model. We base our lens model on a previous lensing analysis of this cluster 42 . We improve this previous lens model with new lensing constraints, including three new spectroscopic redshifts that we measured from the MUSE data. We obtain a spectroscopic redshift for the radial arc S7a/S7b in ref. 42 of z spec = 2.82624. We identify two new sets of lensed galaxies, at z spec = 2.7 and z spec = 5.2. Including more spectroscopic redshift constraints substantially reduces the lens model
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uncertainties and improves the accuracy 42, 43 . The lens model is computed using the public software Lenstool 44 , which uses a Markov chain Monte Carlo (MCMC) process to explore the parameter space. The lens model results in a computed projected mass density distribution in the lens plane, magnification maps for any given redshift, deflection fields, and their uncertainties. The deflection matrices are calculated using the lens equation, β = θ − (d ls /d s )α(θ), where β is the source position at z source , θ is the observed position, d ls and d s are the distances from the lens to the source and from the observer to the source, respectively, and α(θ) is the deflection angle at the observed position. We note that any plane behind the lens can be considered the source plane, and this equation also applies to the absorber plane.
To assess the completeness of our search for [O ii] in emission, we scanned the magnification map near Mg ii looking for regions with much lower magnification than on top of G1 and G2. We found none, indicating that these galaxies are not sitting on particularly highly magnified regions; consequently, we are confident that our absorber candidates are robust and no other galaxies (of similar brightness but non-magnified) were missed from our search. Spatial resolution and impact parameters. We use the deflection matrices to de-lens the coordinates of our binned spaxels into the absorber plane and to calculate impact parameters. Extended Data Fig. 3 shows a de-lensed image of the arc projected against the image plane. Owing to the inhomogeneous lensing deflection, when the spaxels are traced from the image plane to the absorber plane the shape of the binned spaxels changes in the absorber plane, although there is no overlap between them. Assuming that the light rays do not intercept each other after being absorbed, our signal should probe independent areas of the absorber. We discuss the unequal spaxel areas below.
From Extended Data Fig. 3 it is also evident that although the angular resolution is constant across the image plane, the actual spatial resolution-defined in the absorber plane-is not. To define an ad hoc 'spatial resolution' we take the square root of the area of each de-lensed spaxel. We find that this number ranges from around 4 kpc at the east side of the arc to around 2 kpc at the western side.
To calculate impact parameters we multiply the de-lensed angular separations between spaxels and G1 by the scale at z = 0.98 given by the adopted cosmology, 7.97 kpc per arcsecond. From a large set of MCMC realizations, we estimate the statistical 1σ uncertainty associated with the angular separations to be less than about 2%. Including model systematics 43 , impact parameters should be precise to less than about 5% for the assumed cosmology. Partial covering. The background source is likely to be more extended than the typical size of the absorbing clouds, leading to possible partial covering 45 . To test this effect on our signal we performed a second run of automatic Mg ii fits on a 8 × 8 spaxel map. Extended Data Fig. 4 shows the cumulative distributions of W 0 and v for the 4 × 4 and 8 × 8 binnings. The stronger binning indeed skews the W 0 distribution to lower values. This is probably due to averaging arc light without Mg ii absorption; although, given the arc geometry, at this spaxel size (1.6″ ) we also expect some sky contamination (not so in the 4 × 4 binning). Conversely, the velocity distribution remains unaffected. We conclude that (a) the chosen 4 × 4 binning is our best option above the seeing limitation; and (b) we cannot exclude a level of partial covering in our W 0 sample, although such an effect is not affecting the absorption velocities.
Particularly relevant to interpreting our results, the physical areas covered by the binned spaxels are unequal in the absorber plane (Extended Data Fig. 3 ). These areas are of the order of 10 kpc 2 , at least 10 7 times larger than those probed by the quasar beams (less than about 1 pc). Clearly, our arc measurements sample an average signal at each position. Therefore, measurements at different positions are comparable with each other and, to a great extent, also independent of the spaxel area. The only effect of having uneven areas in the absorber plane should be on the intrinsic scatter of each measurement, with smaller spaxels having more scatter. We cannot measure this intrinsic scatter, but consider its effect to be negligible given that the goal is to make a comparison with measurements obtained along the much narrower quasar beams. Gas covering fractions. To calculate gas covering fractions we compute the fraction of positions with positive detections above a given W 0 cutoff, W cut , in a given impact parameter (D) range. Non-detections are accounted for by considering only (2σ) upper limits below W cut . We select W cut and ranges of D to enable comparisons with two quasar-absorber statistics.
To compare with the survey presented in ref. 2, we assume an average galaxy magnitude 〈 M B 〉 = − 19.0 and use W cut = 0.5 Å. We find covering fractions of 100% (2/2; in the range 16 kpc < D < 20 kpc), 80% (4/5; 20 kpc < D < 25 kpc) and 38% (6/16; 25 kpc < D < 39 kpc). The quasar statistics for low-luminosity galaxies gives 2 60%, 20% and 0%, respectively, for the three ranges of D. These figures suggest that the covering fraction of the intervening gas is larger towards this arc than towards the quasars in that sample.
On the other hand, to compare with the survey presented in ref. 3 , we use two cut-offs: W cut = 0.6 Å and W cut = 1.0 Å. For W cut = 0.6 Å we find covering fractions of 67% (6/9; 0 kpc < D < 25 kpc), and 20% (4/20; 25 kpc < D < 50 kpc). The quasar statistics for low-luminosity galaxies ( , where L * is the characteristic luminosity of galaxies and B denotes the rest-frame B band) gives 3 71% and 48%, respectively. For W cut = 1.0 Å we find covering fractions of 18% (2/11) and 4% (1/26), respectively, for the same ranges of D. The quasar statistics gives 29% and 24%. Therefore, for both W 0 cut-offs, the covering fractions for the arc are smaller than those for the quasars in this sample.
Finally, we note that these comparisons are subject to uncertainties because we do not cover exactly the same impact-parameter ranges. Code availability. This analysis is based on custom Python routines, some of which use the MUSE Python data analysis framework 46 and the open-source plotting package for Python APLpy 47 . We have opted not to make our routines available because they are described in detail in the paper. Data availability. The observations discussed in this paper were made using European Southern Observatory (ESO) Telescopes at the La Silla Paranal Observatory under programme ID 098A.0459(A). The corresponding data are available on the ESO archive at http://archive.eso.org/cms.html.
